Wind turbine rotor imbalances may be created by a multitude of causes, e.g. pitch misalignment, blade erosion. In such situations, machines experience undesired vibrations, which cannot be compensated or mitigated by the controllers generally adopted by industry today. This happens because the control action may be collective or both collective and cyclic, but, in order to cope with imbalances, it is necessary to employ a fully individual control which allows a blade to move independently from the others. In this paper we present a new individual pitch control algorithm able to simultaneously target the imbalance and reduce oscillating loads at frequencies multiple of the rotor revolution. The effectiveness of the proposed control is demonstrated in a high-fidelity simulation environment.
INTRODUCTION
Load mitigation is an important issue in wind turbine control. As a matter of fact, reducing periodic loads has a positive impact on machine life span and on the overall dynamic behavior.
Sources of periodic or quasi-periodic excitation are mainly the wind field and rotor imbalances. Features of the former may be wind shear layers, yaw misalignment and wake impingement. Rotor imbalances create significant spurious harmonic components in the loads of the fixed sub-systems, e.g. shaft, hub, tower.
Dealing with wind-field-borne loads, several mitigation techniques have been proposed, designed and tested in the past, (Bossanyi, 2005; Bottasso et al., 2013 van Engelen and Kanev, 2009 ).
Among these, the most widespread are those based on Bossanyi/Coleman's algorithm, because of its simplicity and effectiveness. Such algorithm produces a centralized zero-mean cyclic pitch control input. A limitation of this control scheme is its inability to cope with imbalances due to, for instance, pitch misalignment, dirt and ice accretion and possible blade wear.
It is clear that rotor imbalances can be only compensated through a nonzero-mean control, i.e. a truly individual scheme, where each pitch input is independent from the others.
Indeed, techniques able to detect imbalances in rotors have been already developed (Cacciola et al., 2016; Kandukuri et al., 2014) but the idea of compensating the effects of possible imbalances by means of a suitable individual control action (Friis et al., 2011; Odgaard and Stoustrup, 2015) possibly integrated with standard cyclic control for load mitigation, is new, as reported in Cacciola and Riboldi (2017) .
In this work, the formulation adopted in Cacciola and Riboldi (2017) will be reviewed and expanded in order to allow for multi-frequency load mitigation.
MULTI-BLADE MULTI-LAG BASED CONTROL ALGORITHM

Multi-blade multi-lag transformation at 1×Rev
Consider an unbalanced rotor subjected to a steady wind. The three blade out-of-plane bending loads m (1) , m (2) and m (3) can be modeled as three 120 deg shifted periodic signals as m
(1) (ψ) = a 0 + b 1 + n a nc cos(nψ 1 ) + a ns sin(nψ 1 )
where ψ is the rotor azimuth, ψ i is the azimuth angle of the ith blade, such that ψ 1 = ψ, ψ 2 = ψ + 2π/3 and ψ 3 = ψ + 4π/3, and finally a 0 represents the constant, or 0×Rev, harmonic while a nc and a ns the cosine and sine amplitudes of the n×Rev. The three biases b 1 , b 2 and b 3 , which represent constant offsets, are here introduced to model the effects induced by a rotor imbalance.
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Copyright © 2017 IFACAs reported in Cacciola and Riboldi (2017) , the harmonics a 0 , a 1c and a 1s can be computed along with the three biases b 1 , b 2 and b 3 according to the following procedure. Let matrix Q be defined as
the blade moments at the current azimuth angle ψ and at a 120 deg lagged position ψ − 2π/3 can be written as
where I is the identity matrix of suitable dimensions,
The problem, formulated this way, is ill-posed, i.e. b and a 1 cannot be computed simultaneously from the moments, because the collective offset b col = (b 1 + b 2 + b 3 )/3 is undistinguishable from the constant amplitude a 0 . As suggested in Cacciola and Riboldi (2017) , Eq. (3) can be inverted only if b col is constrained to 0. The constrained problem can be now reformulated as
where 0 = {0, 0, 0} and 1 = {1, 1, 1}. Problem (4) can be pseudo-inverted and the estimation of harmonics and biases results into
where C = 1/3 1 /3 1 /3 2/3 cos ψ 1 2/3 cos ψ 2 2/3 cos ψ 3 2/3 sin ψ 1 2/3 sin ψ 2 2/3 sin ψ 3
and T = diag(1/2, tan(π/6), tan(π/6)).
The transformation reported in Eq. (5) can be called multi-blade multi-lag (MBML) as it exploits information coming from all blades measured over multiple azimuthal positions.
Similarly to the standard Coleman transformation, the estimation of 0 and 1×Rev amplitudes is polluted by a 3×Rev harmonic component O(3 × Rev), as
This makes necessary to low-pass filter the estimated signals before feeding them back to the control system.
Furthermore, the proposed transformation provides an estimation of the three biases as
The three signals so obtained can be profitably used for feeding a control loop aimed at equalizing blade loads so as to re-balance the rotor. It should be noted that what is actually estimated is not the exact value of the biases, but the difference between those and the collective offset. Consequently, the proposed control is able to balance the rotor but it may not keep the value for the collective pitch correct for trim. In full power region the trimming control has the authority to adjust the value of collective, and trim the machine. However, there may be a problem in partial power region, where the proposed controller will change slightly the value of the collective pitch, entailing a potential drift from the optimal value of power coefficient. In Cacciola and Riboldi (2017) , it was additionally proposed a further control loop for taking care of this issue, based on the comparison between 0×Rev moment a 0 and a reference computed from a collective out-of-plane moment defined according to Bottasso et al. (2015) . In this paper we checked a posteriori the loss of power performance in the results section, showing that virtually no significant difference in power output is obtained also in partial power region with respect to nominal conditions.
Multi-blade multi-lag transformation at 2×Rev
Following the very same procedure described in Sec. 2.1, it is possible to derive the formulation for extracting the 2×Rev harmonic a 2 = {a 0 , a 2c , a 2s } T .
To this end, Eq. (4) can be specialized for the 2×Rev frequency as
The pseudo-inverse of Eq. (10) reads
(11) Comparing Eq. (11) and Eq. (5), one can notice that the first and the last three rows are the same. This means that one can actually take the second and the third rows of Eq. (11), which provide the additional estimation of the 2×Rev harmonics a 2c and a 2s . Similarly to Eq. (8), the estimation will be polluted by a 3×Rev component, which should be filtered suitably.
Moreover, the same procedure can be applied for estimating load components at higher harmonics.
Multi-blade multi-lag based control at 1× and 2×Rev
The MBML based control is composed of several loops in a multi-layer fashion.
The innermost layer consists in the equalizing loop which feeds back each of the three biases to a dedicated PID Proceedings of the 20th IFAC World Congress Toulouse, France, July 9-14, 2017 control law, producing a corresponding pitch input ∆β w , w = 1, 2, 3, as ∆β w = PID(b wE ), w = 1, 2, 3.
The outer layers implement load mitigation control laws. Each of these layers receives as feedback measures the sine and cosine amplitudes of the transformed loads, obtained from the MBML transformation operated at the considered frequencies. In the current implementation only 1 and 2×Rev frequencies have been accounted for, yielding two decoupled load-targeting layers. The control laws are two similarly tuned PIDs, each producing a cyclic pitch input component. These can be transformed back into three inputs to be fed to pitch actuators via inverse Coleman transformations at the corresponding kth
The components obtained from all layers can be summed together and added to the collective value obtained from the trimmer, before being finally sent to the actuators.
The scheme in Fig. 1 retraces the description presented in this section.
RESULTS
The results presented in this section have been obtained working in virtual environment with the FAST simulator, cf. Jonkman and Buhl (2005) , considering the model of an existing 3.0 MW three-bladed horizontal-axis wind turbine. All flexible DOFs of the blades and tower allowed by the FAST simulator have been enabled. The simulator has been coupled with a master dinamically linked library, implementing basic supervisory and trimming control routines, itself linked in a modular fashion to further libraries for signal processing -including an implementation of the MBML transformation at 1 and 2×Rev -and control -including and individual pitch control logic for load mitigation and imbalance equalization.
The performance of the proposed MBML based control is evaluated firstly in steady wind at 15 m/s and a vertical shear layer exponent equal to 0.2, and secondarily in a full set of turbulent simulations from 3 to 23 m/s in order to consider a more realistic scenario.
All figures displayed in this section have the same colorline style code: blue solid lines, tagged in the legend as "Reference", refer to the nominal condition with balanced rotor and only trimmer working; the red dashed lines, tagged as "Unbalanced", to the unbalanced condition without MBML control (i.e. with only the trimmer); the black dotted lines, tagged "Eql", refer to the unbalanced rotor with the MBML-equalizing control; finally, the green dash-dotted, tagged "Eql+1p-IPC", and the solid thick magenta curves, tagged "Eql+1p/2p-IPC", refer to the unbalanced rotor with MBML-equalizer and respectively the cyclic pitch at 1×Rev and combined 1 plus 2×Rev.
Controller performance in steady conditions
Figures from 2 to 4 show respectively the time histories of the yawing moment, blade #1 out-of-plane bending moment and pitch angle. To ease the comparison, the outputs are all plotted as functions of the rotor revolution. In the simulation three pitch misalignments equal to 2 deg, 0.5 deg and -0.5 deg respectively are imposed to the three blades from round 7 on. MBML based equalization is triggered at round 12.
Clearly, in the unbalanced condition a prevalent 1×Rev component appears in the time response of the yawing moment, cf. Fig. 2 , whereas the imbalance shows up mainly as a change of the mean value in the out-of-plane bending moment, cf. Fig. 3 . A similar comment applies to the nodding moment, not reported here for the sake of brevity. The MBML-based equalizer is able to target and compensate the imbalance, as demonstrated by the utter suppression of the 1×Rev load component of the yawing moment, cf. Fig. 2 , and by the mean value of the blade #1 out-of-plane returning to be equal to that of the reference condition, cf. Fig. 3 . It is also interesting to notice that, although the control settings were hand tuned, the equalizer took only 2 rotor revolutions to compensate the pitch misalignment. It is expected that this performance can even improve through a more accurate and optimized choice of the control gains (Riboldi, 2016) . At the same time, the MBML load mitigating control operating at 1×Rev (cf. curves tagged "Eql+1p-IPC") is able to reduce the 0×Rev component in the yawing moment and the blade moments at 1×Rev, exactly as expected by a standard IPC based on the MB transformation. Finally, a further reduction of 2×Rev blade and 3×Rev yawing loads can be achieved by the controller working also at 2×Rev, (cf. curves tagged "Eql+1p/2p-IPC").
This interpretation of the results is also corroborated by the behavior of blade #1 pitch angle, shown in 4: the correct pitch alignment is recovered after the MBML control activation, and the resulting pitch setting has the same mean value of the reference condition and a periodic motion able to lower the rotor load oscillations.
Figures 5 displays the frequency spectrum of yawing. Here again the effects of the proposed controller are clear. The 1×Rev component at 0.25 Hz induced by the imbalance is totally removed by the equalizer. It is also interesting to notice a 2×Rev at 0.5 Hz in the unbalanced configuration, difficult to be seen in the time domain response, which is similarly targeted by the controller. Furthermore, as expected, the controllers with also the load mitigating layer, "Eql+1p-IPC" and "Eql+1p/2p-IPC", are able to lower respectively the 0×Rev and both the 0 and 3×Rev.
Similar observations can be drawn by looking at the blade #1 out-of-plane load spectrum in Fig. 6 .
Controller performance in turbulent conditions
Further analyses have been carried out with 10 minute turbulent wind time histories of intensity 6%. As prescribed by regulations, GL Guidelines ( trimmer working, with equalizer, with equalized plus 1p-IPC and with equalized plus 1p/2p-IPC.
As expected, cf. Fig. 7 , the equalizer reduces the yawing moment DEL with respect to the unbalanced configuration. A further DEL reduction is progressively achieved by activating the 1p-IPC and subsequently the 1p/2p-IPC.
Looking at the blade out-of-plane DEL, it is worth noting that the equalizer entails a minimal reduction of DEL with respect to the trimmer. This is because the imbalance shows up in the blade load as an almost constant bias not depending from the azimuth. Such effect is not captured by the DEL, which is mainly a measure of the intensity of the oscillating load components. On the other hand both IPCs improve significantly the performance on loads similarly to the case of shaft loads. From Fig. 7 and 8 it is possible to note that a good performance on load DEL is obtained also in partial power region. The IPC can be activated also when working in partial power region, thanks to the fact that the pitch actuators on the considered machine allow a pitch setting lower than the one corresponding to the optimal power coefficient. Moreover, if the machine is suitably designed small changes in the collective pitch input do not alter significantly the rotor aerodynamic performance.
In support of this an analysis of the AEP corresponding to the four control scenarios considered in the plots has shown that the differences are negligible. 
CONCLUSION
From the results obtained in this work the following conclusions can be derived.
• Exploiting the multi-blade multi-lag (MBML) concept, a new transformation able to measure the imbalance-induced and n×Rev harmonic loads is introduced and tested.
• Based on the MBML transformed loads, a new control scheme is presented. Such control is able to simultaneously reduce cyclic loads at multiples of rotor frequency and target the imbalance-induced loads.
• The proposed control scheme allows a fully individual pitch actuation in contrast with the standard cyclic control based on the Coleman transformation.
• The controller is robust with respect to changes of the average wind speed over all the operating spectrum of the turbine, and to disturbances typical to turbulent fields.
Further developments of this activity will include the following.
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• A MBML control based on measurements of shaft loads instead of blade ones.
• Simultaneous aerodynamic and mass imbalance compensation.
• Although an extensive number of case studies with different inflow conditions, pitch misalignment cases and complexity of turbine showed that the controller is robust and does not imply any stability issue, we are planning to carry out an ad hoc study centered on an input-output stability analysis (Bottasso and Cacciola, 2014) .
